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pharmacologyPermeabilization of the mitochondrial membranes is a crucial step in apoptosis and necrosis. This
phenomenon allows the release of mitochondrial death factors, which trigger or facilitate different signaling
cascades ultimately causing the execution of the cell. The mitochondrial permeability transition pore (mPTP)
has long been known as one of the main regulators of mitochondria during cell death. mPTP opening can lead
to matrix swelling, subsequent rupture of the outer membrane, and a nonspeciﬁc release of intermembrane
space proteins into the cytosol. While mPTP was purportedly associated with early apoptosis, recent
observations suggest that mitochondrial permeabilization mediated by mPTP is generally more closely linked
to events of late apoptosis and necrosis. Mechanisms of mitochondrial membrane permeabilization during
cell death, involving three different mitochondrial channels, have been postulated. These include the mPTP in
the innermembrane, and themitochondrial apoptosis-induced channel (MAC) and voltage-dependent anion-
selective channel (VDAC) in the outer membrane. New developments on mPTP structure and function, and
the involvement of mPTP, MAC, and VDAC in permeabilization of mitochondrial membranes during cell death
are explored. This article is part of a Special Issue entitled Mitochondria: the deadly organelle.ygen species; MPT, mitochon-
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In recent years, the role of mitochondria in both apoptotic and
necrotic cell death has received considerable attention. An increase in
mitochondrial membrane permeability is one of the key events in
apoptotic and necrotic death, although the details of the mechanisms
involved remain to be elucidated. Unlike the resting potentials of
neurons and cardiomyocytes, which are largely governed by basal K+
conductance of their plasma membranes, the value of the mitochon-
drial resting potential is controlled by the very high resistance of the
inner membrane, i.e., low permeability to all ions. While the inner
membrane contains several channels, their opening is tightly
regulated in order to prevent dissipation of the membrane potential
and proton gradient that is the electrochemical energy reservoir for
ATP-synthesis and transport. These channels include the putative
K+ATP channel and mitochondrial Centum-picoSiemen (mCS), which
are cation- and anion-selective channels that monitor metabolic
levels and aid in volume regulation, respectively [1–3]. There are also
innermembrane channels within the protein import complexes called
TIM22 and TIM23 [4,5]. The inner membrane also expresses multiple
calcium channel activities that range from the mitochondrialryanodine receptor (mRyR) of cardiomyocytes to the more generic
calcium uniporter [6,7]. Uncontrolled opening of any one of these
channels may unleash havoc resulting in cell death. For example,
exogenous targeting peptides putatively open the pore of the TIM23
complex and induce a rapid and high-amplitude swelling of
mitochondria [8].
The mitochondrial permeability transition pore, or mPTP, is
however the most notorious of all the inner membrane channels.
mPTP has not only been linked to a rupture of mitochondrial outer
membrane during cell death but also to a myriad of pathologies
(Fig. 1) [9–11]. More recently, outer membrane channels such as the
mitochondrial apoptosis-induced channel (MAC) and the voltage-
dependent anion channel (VDAC) were also shown to be directly or
indirectly involved in mitochondrial permeabilization during apopto-
sis and/or necrosis (Fig. 1) [12–15]. This review summarizes our
current understanding of the role of the mPTP during mitochondrial
membrane permeabilization and how this channel may collaborate
with MAC and VDAC in order to regulate cell death.
2. Separating fact from ﬁction on the structure and
function of mPTP
The mPTP was originally observed in swelling experiments on
isolated mitochondria reported in landmark studies by Hunter and
Haworth in 1979 [16–18]. The mPTP has a large caliper pore with
low ion selectivity. Opening of the mPTP increases the permeability
of the inner membrane for molecules up to 1.5 kDa that leads to
organelle swelling and mitochondrial depolarization. The mPTP can
Fig. 1.Mitochondrial ion channels in apoptosis and necrosis. Left, apoptotic stimuli induce relocation of Bax from the cytosol into the mitochondrial outer membrane (MOM). Bax,
Bak, and possibly other unidentiﬁed protein(s) oligomerize and formMAC to release cytochrome c. VDAC oligomerization upon apoptotic stimuli was also reported to be involved in
cytochrome c release. Right, necrotic stimuli lead to exacerbated calcium uptake and reactive oxygen species generation bymitochondria. High levels of calcium and reactive oxygen
species (ROS) induce a cyclophilin-D (Cyp D)-sensitive opening of mPTP that leads to swelling of the matrix and release of calcium. Swelling disrupts the outer membrane, while
released calcium activates proteases, phosphatases, and nucleases that lead to necrotic degradation. Adapted from Ref. [112]. TIM23/22, translocases of the inner membrane mRyR,
mitochondrial ryanodine receptor; TOM, translocase of the outer membrane; MCU, mitochondrial calcium uniporter; MIM, mitochondrial inner membrane.
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myriad of effectors but, most notably, calcium plus phosphate and
reactive oxygen species (see an extensive review in Ref. [19] and a
more recent review in Ref. [20]). Reversible closure of mPTP occurs
upon removal of calcium with EGTA or by the addition of ADP,
magnesium, or cyclosporine A (CsA). The principal trigger for mPTP
opening is matrix calcium in the presence of phosphate, but the
activating concentrations of both are thought to rely on several
other factors. For example, higher calcium levels are needed for
mPTP opening in the presence of any one of several mPTP inhibitors
including high negative membrane potential, low matrix pH,
accumulation of adenine nucleotides like ADP, and other divalent
cations like magnesium and strontium. Conversely, the calcium
levels needed for mPTP activation are lower if adenine nucleotides
are depleted or a mitochondrial uncoupler is added to depolarize
the membrane potential after the uptake of calcium. Opening of the
mPTP in response to oxidative stress has been linked to ischemia–
reperfusion injury in the heart [9] and more recently to neurode-
generative diseases, like Alzheimer's and multiple sclerosis [10,11].
Hence, mPTP has become an important pharmacological target for
both cardio- and neuroprotection.
The mPTP can also temporarily open or “ﬂicker” leading to
transient membrane potential variations in response to certain
intracellular signals unrelated to cell death. Then, mPTP closure
leads to a “resealing” of the inner membrane and a restoration of the
ability to synthesize ATP [21]. This mode of action of the mPTP
underlies a mitochondrial version of “calcium-induced calcium
release” between the cytosol and the mitochondrial matrix [22–24].
That is, transient opening of mPTP could provide the pathway for
mitochondrial Ca2+ extrusion under relatively normal conditions. The
rapid removal of calcium from the cytosol and its subsequent release
from mitochondria through mPTP ﬂickering could prevent calcium
inactivation of channels essential to reﬁlling calcium stores as well as
allow for signaling in these microdomains. Thus, mPTP ﬂickering
could impact processes as diverse as muscle contraction and saliva
secretion [25,26].
Furthermore, brief opening of mPTP causes a transient mito-
chondrial depolarization and a short burst of ROS production and
reveals a potential role for mPTP in ROS signaling [27]. ROS
generated by one mitochondrion might then interact with neigh-
boring mitochondria, perhaps once again transiently opening mPTP.
The ensuing depolarization could produce additional ROS. Mito-chondria-generated ROS has putative roles in a myriad of cell
signaling as evidenced by the redox sensitivity of chaperones,
kinases, and even gene expression [28]. Hence, mPTP can, at least
indirectly, impact many cellular processes that are not linked to cell
death. Nevertheless, ﬂickering of the mPTP can result in sufﬁcient
production of ROS leading to sustained mPTP opening and
eventually cell death [29].
Even though the phenomenon of mitochondrial permeability
transition was originally described in the late 1970s, the molecular
composition of the mPTP remains a mystery today. The biochemical
studies of mitochondrial complexes by Brdiczka's group [30] and the
electrophysiological studies of Zoratti's group [31] were among the
ﬁrst to propose that the complexes responsible for mPTP activity
spanned both the inner and outermembranes of mitochondria. In fact,
they were proposed to be in contact sites, or close junctions, between
the two mitochondrial membranes.
These watershed studies also led to the hypothesis that the mPTP
contains the outer membrane channel VDAC, which is also often
referred to as mitochondrial porin [30,31]. More recent studies in
which the three Vdac isoforms are knocked out have raised doubts
about the essential nature of the involvement of outer membrane
components in mPTP as these knockouts continue to express mPTP
activity [32]. Nevertheless, VDAC continues to be purported as part of
the mPTP mechanism in normal cells [33–35]. In other studies, VDAC
oligomers were even proposed to be directly responsible for
cytochrome c release (Fig. 1) [15,36].
The adenine nucleotide translocator, or ANT, has long been
proposed to be an inner membrane component of mPTP. Some of
these studies were biochemical, while others were pharmacological
[30]. ANT inhibitors like bongkrekic acid and atractyloside lock the
translocator in opposite conformations to prevent or induce a
mitochondrial permeability transition, respectively [37]. ANT is the
most abundant inner membrane protein on a molar basis and is
frequently the target of misfolding. In this scenario, ANT undergoes
large conformation changes and the atractyloside-stabilized confor-
mation appears to be particularly vulnerable to damage leading to
misfolding and mPTP formation (reviewed in Refs. [38,39]). However,
the seminal studies of Wallace's group clearly showed the mPTP was
in fact still present in Ant knockouts [40]. Hence, Ant does not provide
the essential inner membrane permeability pathway for mPTP.
Nevertheless, the adenine nucleotide translocator likely plays a
regulatory role as the sensitivity of mPTP to certain pharmacological
618 K.W. Kinnally et al. / Biochimica et Biophysica Acta 1813 (2011) 616–622effectors was modiﬁed in mitochondria lacking all three isoforms of
Ant. Furthermore, knockouts of just Ant1 are more resistant to
glutamate-induced excitotoxicity, a well-known mPTP-mediated
process [41]. Finally, the up-regulation of the uncoupling protein-3
was shown to induce a sensitization of the mPTP to calcium [42,43],
suggesting that innermembrane transporters other than the ANTmay
also regulate mitochondrial permeability transition.
More recently, the phosphate carrier was proposed to play the
central role of inner membrane pore of mPTP [20]. While intriguing,
the role of the phosphate carrier in the elusive mPTP awaits molecular
studies in which the effects of eliminating the various isoforms of this
carrier on the mPTP characteristics are determined. Other putative
components have been identiﬁed including misfolded proteins [44]
and polyphosphates [45]. Finally, other mPTP pore candidates could
account for the occurrence of mitochondrial permeabilization in ANT-
deﬁcient mitochondria. That is, other anion transporters, such as the
aspartate-glutamate exchanger, were also found to form large
conductance pores [46–48].
Cyclophilin-D is a known activator of the mPTP as its inhibition by
CsA leads to closure of the pore [49,50]. Cyclophilin-D-depleted
mitochondria still undergo a calcium-induced permeability transition,
but this phenomenon requires higher calcium concentrations and is
insensitive to CsA [51]. These observations reinforce the notion that
cyclophilin-D is an important regulator of themPTP but also refute the
notion that this protein might be a structural component of the pore.
Finally, it was recently postulated that cyclophilin-D favors the open
conformation of mPTP by masking a speciﬁc site for inorganic
phosphate (Pi); the occupancy of this site by Pi leads to a
desensitization of the mPTP to calcium [52].3. mPTP and mechanisms of mitochondrial permeabilization
during cell death
Apoptosis is a process of cell suicide that occurs in multi-cellular
organisms in response to developmental, homeostatic, or internal
damage signals. This programmed cell death involves extrinsic and/or
intrinsic apoptotic pathways that converge in a series of biochemical
events such as activation of caspases that leads to cell shrinkage and
plasma membrane blebbing. On the other hand, necrosis is often
caused by external factors, such as infection, toxins, trauma, or
ischemia–reperfusion injury that leads to cell swelling and eventually
rupture of the plasma membrane. This scenario is in contrast to
apoptosis, which is a naturally occurring cause of cellular death [53].
Nevertheless, mitochondria compartmentalize a myriad of death-
evoking signaling factors, whichwreak havoc upon their release to the
cytosol and eventually cause either apoptotic or necrotic cell death.
During early intrinsic apoptosis, permeabilization of the mito-
chondrial outer membrane releases pro-apoptotic factors, like
cytochrome c, from the intermembrane space into the cytosol
[12,54–56]. Importantly, this event is highly regulated through
speciﬁc interactions between proteins of the Bcl-2 family [12,54–
60]. In this family, effector proteins such as Bax and Bak are essential
to the machinery allowing membrane permeabilization. On the other
hand, anti-apoptotic members such as Bcl-2 and Bcl-xL inhibit this
process by directly binding to the pro-apoptotic effectors [57]. Finally,
BH3-only proteins such as Bad or truncated Bid relay apoptotic stimuli
to the mitochondria by interacting with both effectors and anti-
apoptotic Bcl-2 family members [54,55,57]. Therefore, when chal-
lenged by an apoptotic stimulus, the combined signaling within the
Bcl-2 family dictates the immediate fate of the cell, i.e., whether or not
to induce permeabilization of the outer membrane [54]. This
phenomenon has been coined mitochondrial outer membrane
permeabilization, or MOMP, and the released cytochrome c leads to
an activation of the executioner caspases by proteolysis and
eventually to plasma membrane blebbing [55,61].Cytochrome c release during MOMP typically occurs through the
outer membrane channel MAC. MOMP and MAC formation have been
consistently reported in a variety of cell lines during at least two
different apoptotic insults, deprivation of interleukin-3 [62] and
kinase inhibition [63]. MAC activity is observed before mitochondrial
depolarization, is exquisitely regulated by Bcl-2 family proteins, and
can initiate release of apoptotic mediators from mitochondria to
commit the cell to die [3,62–65]. Such release can in turn be
prevented by overexpressing Bcl-2 or Bcl-xL or using inhibitors of
MAC (iMACs) [62,66]. Bax oligomers have been identiﬁed as part of
this channel and knockout studies have shown that MAC contains
neither Vdac1 nor Vdac3 [62,67]. On the other hand, Vdac2 was
shown to regulate the pro-apoptotic protein Bak, which is another
putative component of MAC [67–69]. Finally, CsA does not prevent
MAC-induced cytochrome c release indicating that MAC and mPTP
are two separate molecular entities [70]. However, some observa-
tions suggest that MAC and mPTP may participate in an ampliﬁcation
loop during cell death and this putative crosstalk is discussed below
in Section 5 [3,56].
Opening of the mPTP leads to a transitory permeabilization of the
inner membrane also called mitochondrial permeability transition
(MPT). Sustained opening of mPTP has catastrophic consequences for
these organelles. Mitochondria seem to pop as they rapidly swell;
this swelling occurs because the high concentration of proteins in the
matrix space exerts a large colloidal osmotic pressure. The cristae
unfold as the matrix swells so that the outer membrane ruptures.
Depolarized mitochondria become a major liability for the cell as ATP
is hydrolyzed in efforts to restore the membrane potential.
Furthermore, this unspeciﬁc loss of outer membrane integrity also
causes a spillage of mitochondrial death factors, like cytochrome c,
from the intermembrane space to the cytosol. Finally, the collapse of
the membrane potential combined with the leakage of pyridine
nucleotides, e.g., NADH, can lead to the generation of reactive oxygen
species via the direct transfer of electrons to molecular oxygen
[20,71].
The outer membrane channel VDAC may act indirectly to facilitate
mPTP opening. For example, VDAC1 was shown to regulate the
transport of calcium, an mPTP activator, across the outer membrane
[72]. Intriguingly, partial closure of the channel, but not its opening,
increases the calcium permeability of VDAC1 [14,73]. Interestingly,
superoxide but not hydrogen peroxide induces a mitochondrial
permeabilization, which is blocked by VDAC1 antibodies [74].
Therefore, VDAC1 may under certain circumstances act as an mPTP
sensitizer even if it may not be a component of the pore [32].
Does VDAC play a role in cell death outside of modulation of the
mPTP? Oligomers of VDAC1 have been proposed to form channel
structures to allow the release of cytochrome c through the outer
membrane during apoptosis [36]. However, even though VDAC1
oligomers have been observed during apoptosis, their role as
components of a functional cytochrome c release channel remains
to be determined. VDAC activity is also known to be regulated by anti-
apoptotic Bcl-2 family proteins [75]. The NMR solution structure of
human VDAC1 identiﬁed strands 17 and 18 as a putative binding site
for Bcl-xL [76]. VDAC2 complexes with pro-apoptotic Bak and
mediates its availability to form the cytochrome c release channel
MAC [68,69,77]. Interestingly, pro-apoptotic Bax does not change the
channel activity of VDAC but the truncated BH3-only protein Bid
closes VDAC. This closure could limit metabolite transport and lead
mitochondrial dysfunction and death [78,79].
The single channel behaviors of MAC and mPTP, as well as VDAC,
are quite different as shown in the current traces of Fig. 2 and the
summary of their channel characteristics provided in Table 1. As
expected, blocking MAC with iMACs [66,80] and mPTP with CsA also
impacts onset of cell death. Below, we will further discuss the role of
mPTP in apoptosis and necrosis and the possibility that mPTP and
MAC may act synergistically during apoptosis.
Fig. 2. The channel activities of VDAC, mPTP, and MAC. Current traces were recorded
from patches excised from either reconstituted outer (MAC and VDAC) or native inner
membranes (mPTP) under symmetrical 150 mM KCl. Current traces are represented in
the same scale for comparison. Current levels of open (O) channels are shown with
downward transitions to closed (C) states in all the traces. Mouse MAC and VDAC traces
were adapted from Ref. [62], while mouse mPTP was from Ref. [56].
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In themid-1990s, themPTP attracted the attention of investigators
in the cell death ﬁeld, because it was reported that at least some forms
of apoptosis could be inhibited by CsA [81,82]. Also, the suppression of
the calcium activation of the mPTP by overexpression of Bcl-2
supports a role for this channel in apoptosis [83,84]. However, the
swelling of the matrix as proposed in the standard model of mPTP
activation is not observed in all scenarios of apoptosis [85]. Moreover,
the permeabilization of the inner membrane is sometimes seen only
in late apoptosis, after the release of cytochrome c and caspase
activation [86]. Neither extrinsic nor intrinsic pathways of apoptosis
were altered in cells deﬁcient in the mPTP activator cyclophilin-D
[51,87,88]. These ﬁndings suggest that mPTP opening does not initiate
apoptosis and that this pore is instead central to necrosis [89–91].
These observations suggest that a more selective mechanism of
permeabilization such asMAC formationmay typically be operating at
least during early apoptosis [29,62,65,92,93].
Even if the pore is not a principal player in apoptotic cell suicide,
mPTP is certainly criminal in other ways. The involvement of the
mPTP in necrosis and ischemia–reperfusion injury of the heart is a
particularly well documented case [20]. The lack of oxygen supply to
tissues does not immediately lead to cell death during ischemia.
However, the subsequent reperfusion triggers an oxidative stress that
causes the demise of the cells. More particularly, it seems that
ischemia initiates changes in the cells, such as the increase of free ADP,Table 1
Comparison of the channel activities of mPTP, MAC, and VDAC.a
mPTP MAC VDAC
Peak conductance (nS) 1.1±0.1 1–5 0.7±0.1
Transition size (nS) 0.3–1.0 0.3–2.0 0.36±0.04
Ion selectivity Sl. Cation Sl. Cation Anion
PK/PCl 7 4.7±1.3 0.7±0.1
Voltage-dependent Yes No Yes
Pore diameter (nm) 2.8±0.1 2.7–6.0 2.2±0.05
Physiological
modulators
Ca2+, Pi, ADP
[16–18]
tBid, Cyt. c
[65,67]
NADH [14,109]
Pharmacological
agents
CsA [49] iMACs, Bcis
[66,80,110]
Koenig's
polyanion, G3139,
DIDS [36,111]
Sl, slightly; tBid, truncated Bid; Cyt. c, cytochrome c; CsA, cyclosporine A; iMACs,
inhibitors of MAC; Bcis, Bax channel inhibitors; DIDS, 4,4′-diisothiocyanatostilbene-
2,29-disulfonic acid.
a The description of the effects on mPTP, MAC, and VDAC of the physiological
modulators and pharmacological agents cited is given in Sections 2 and 3.Pi, and of cytosolic calcium, which ultimately leads to superoxide
production during reperfusion [9]. Such a scenario would lead to a
vicious cycle. The subsequent mPTP opening would further dysregu-
late calcium homeostasis and inhibit the respiratory chain, resulting
in further reactive oxygen species production and mPTP opening.
Numerous experimental evidence supports the involvement of the
mPTP in ischemia–reperfusion. For example, CsA is the classical
inhibitor of the mPTP, and this agent can reduce the occurrence of
necrosis in cardiomyocytes subjected to anoxia–reperfusion. CsA was
also effective in protecting these same cells against reperfusion-
induced mitochondrial membrane potential collapse [94]. Another
example of mPTP involvement during necrosis can be found in stroke
models of primary brain cells [95].
Examination of cyclophilin-D-deﬁcient mice has provided even
more compelling evidence that the mPTP plays a crucial role in
necrosis [87,88,96]. The pore is still present in mitochondria and cells
obtained from these mice. However, cyclophilin-D ablation increases
the amount of calcium required for mPTP opening and abolishes the
sensitivity to CsA [97]. This phenotype has also been associated with
the resistance of cyclophilin-D knockout cells to necrotic stimuli such
as A23187-induced calcium overload, and to the decrease of heart and
brain injury following ischemia–reperfusion [87,88,96,97]. However,
cells isolated from these same animals still died in response to
treatments with classical apoptotic inducers such as staurosporine or
etoposide [88].
Taken together, these data indicate that mPTP opening is chieﬂy
involved in necrosis rather than in triggering cytochrome c release
during early apoptosis. Nevertheless, MAC and mPTP opening may act
alone or in combination, depending on cell type and death stimulus, to
amplify the death signals. In this context, the swelling precipitated by
mPTP opening would cause a remodeling of the cristae, which could
facilitate a more complete release of cytochrome c and other pro-
apoptotic factors from the mitochondria [29,98].
5. Crosstalk between mPTP and MAC links necrosis and apoptosis
A synergistic relationship between apoptosis and necrosis could
enhance removal of damaged cells and minimize inﬂammation, while
restoring tissue homeostasis. Crosstalk signaling between mPTP
opening resulting in MPT and MAC formation resulting in MOMP
could provide such a platform. It is known that MAC formation
precedes mPTP opening in many cases, e.g., interleukin-3 withdrawal
from FL5.12 cells [3,62]. However, MAC assembly may also occur after
mPTP opening in other situations, e.g., hepatitis in mouse caused by
lipopolysaccharide through the tumor necrosis factor receptor
pathway [99]. Recently, other modes of interaction between MAC
and mPTP have been identiﬁed.
As discussed above, mechanisms that block mPTP, like CsA or
knocking out cyclophilin-D, reduce necrosis and, in some cases, also
suppress apoptosis [3]. The reversible events leading up to necrotic
cell death often include a reduction in available energy sources like
ATP and a switch from oxidative phosphorylation to glycolysis as the
major source of ATP synthesis. Cells swell as Na+ accumulates in the
face of reduced Na+/K+ ATPase activity. Low levels of calcium entry
initiate limited mPTP opening as well as activation of proteases and
phosphatases. If the irritant is removed, the cells may recover.
Persistent irritation or massive harmful stimuli may cause irreversible
damage.When cells can no longer cope, plasmamembrane integrity is
lost and the cells are considered dead by necrosis.
Cellular stresses, which if sustained will result in mPTP opening
and necrosis, may also activate intrinsic apoptosis. Clearly, calcium
overload opens mPTP and depolarizes mitochondria, which then
jeopardizes buffering of cytosolic calcium transients. The resulting
elevated levels of cytosolic calcium may then lead to MAC formation
through activation of proteases and phosphatases like calpain and
calcineurin (Fig. 3). Calpain is a calcium-dependent cysteine protease
Fig. 3. Crosstalk between MAC and mPTP ampliﬁes cell death by apoptosis and necrosis. Elevated cytosolic Ca2+ activates calpain and calcineurin, which facilitate MAC formation
through activation of Bid, Bad, and Bax. Mitochondrial calcium overload in the matrix induces mPTP opening. Cytochrome c released after either MAC formation or mPTP opening
facilitates apoptosome formation and caspase activation. Released cytochrome c causes further dysregulation of calcium homeostasis by interacting with the ER calcium release
channel IP3 receptors (IP3R). Anti-apoptotic Bcl-2 suppresses while ROS signaling enhances the formation/activation of MAC, mPTP, and IP3R. Thus, opening of MAC/mPTP,
cytochrome c release, and activation of IP3R may form a positive feedback loop to amplify the cell death signal. ER and MITO indicate endoplasmic reticulum and mitochondria,
respectively. Adapted from Ref. [3].
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can then trigger Bax oligomerization and MAC assembly, leading to
MOMP [100]. Similarly, calcineurin is a protein phosphatase that can
activate another BH3-only protein Bad. Dephosphorylated Bad
interferes with the anti-apoptotic function of Bcl-2 or Bcl-xL, which
again facilitates MAC formation [101–103]. Interestingly, depho-
sphorylated Bad can also directly activate mPTP opening in the
absence of truncated Bid, thereby auto-amplifying mPTP-induced
mitochondrial permeabilization [103]. Hence, activation of calpain
and calcineurin by calcium may amplify mPTP activation, facilitate
MAC assembly, and commit cells to die by intrinsic apoptosis. A
similar scenario follows excitotoxic injury resulting in necrosis via
mPTP opening and then delayed apoptosis through MAC assembly
resulting from AMP-kinase activation of the BH3-only protein Bim
[104].
Positive feedback between MAC formation and mPTP opening
may enhance cytochrome c release and progression of cell death
processes. In fact, there are several means to release cytochrome c
[105]. One report indicates that released cytochrome c binds to and
relieves the calcium-dependent inactivation of IP3R in the ER, which
causes further Ca2+ release during apoptosis [106]. This additional
calcium release may activate mPTP, which would cause matrix
swelling. The ensuing cristae remodeling and eventual rupture of
the outer membrane caused by mPTP opening would enhance
cytochrome c release from the folds of the inner membrane and
ultimately caspase activation. These ﬁndings suggest that a small
release of cytochrome c via MAC may form a positive feedback loop
to amplify the cell death signals through further calcium dysregula-
tion and opening of mPTP (Fig. 3). This loop utilizes many of the
same players recently identiﬁed as important in the transfer of
calcium from the ER to mitochondria, which is needed to maintain
normal bioenergetics for survival and prevent autophagy [107]. One
can imagine that inappropriate generation of IP3 could similarly
induce opening of mPTP. Another such ampliﬁcation loop is basedon oxidation of cardiolipin by ROS, which is often associated with
ischemia–reperfusion injury and early apoptosis in some cell types.
Peroxidation of cardiolipin decreases the binding of cytochrome c to
the inner membrane, which increases its availability for release to
the cytosol [105]. Furthermore, remodeling of the cristae through
disruption of OPA1 oligomers by truncated Bid also facilitates
cytochrome c release [108]. Finally, caspase degradation of the
respiratory chain might also generate ROS. In contrast, cells also
contain the means to suppress apoptosis and necrosis, e.g., through
proteins like Bcl-2 and HSP70, which are now being explored for
novel therapeutics [105].
6. Future perspectives
The permeability of the mitochondrial membranes is key to
decisions regarding survival and death and whether apoptosis or
necrosis will take place. Understanding the relationship between these
cell death pathways will provide insight into their regulation and may
reveal novel therapeutic targets. mPTP opening and MAC formation
provide opportunities for crosstalk signaling between apoptosis and
necrosis. One compelling problem in this ﬁeld is lack of information
regarding the molecular basis of mPTP and its relationship with other
mitochondrial channels like MAC and VDAC. Even though our direct
studies of mitochondrial channels are somewhat limited, these
channels are, nevertheless, emerging as promising therapeutic targets
for aging and diseases including cancer and neurodegenerative
diseases, like Parkinson's and Alzheimer's diseases.
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